1.. Introduction
================

1.1.. Structure of the Blood-Brain Barrier
------------------------------------------

The human brain is comprised of a complex vascular network of over 100 billion capillaries \[[@R1]\]. The vasculature in the central nervous system (CNS) plays a vital role in protecting the brain from potentially neurotoxic substances \[[@R2]\]. The blood-brain barrier (BBB) is formed primarily by the tight junctions that join the endothelial cells of the CNS, creating a physical barrier that restricts the passage of solutes \[[@R3]\]. These specialized endothelial cells maintain a continuous, nonfenestrated basal lamina and interact with a number of perivascular elements, including astrocytes, pericytes, and perivascular macrophages which contribute to the barrier \[[@R4]\]. Astrocytes and pericytes help shape the early development of the BBB through the secretion of signaling proteins, such as sonic hedgehog and retinoic acid \[[@R3], [@R5]\]. As the BBB matures, astrocytes project end-foot processes along the perivascular space, whereas pericytes cover the basal lamina of the endothelium and contribute to the structural integrity of the BBB \[[@R6]\].

1.2.. Transport Across the BBB
------------------------------

Substances may cross the BBB by two primary pathways: 1) paracellular transport, which involves passing in between the endothelial cells, and 2) transcellular transport, which involves passing across the luminal side of the endothelial cell, crossing the cytoplasm, and then passing across the abluminal side of the endothelial cell into the brain interstitium. The endothelial cell tight junctions typically prevent the paracellular transport of molecules in areas

with an intact BBB. Transcytosis, on the other hand, takes place through passive and active mechanisms. Passive transport across the endothelial cell is regulated by physicochemical properties such as molecular weight, electrical charge, and lipophilicity, and is typically limited to small, lipophilic molecules that are less than 500 Daltons in size \[[@R1], [@R7]\]. Other transport mechanisms are necessary for nutrients and proteins that are larger and less lipophilic. These include glucose, which undergoes carrier-mediated transport (CMT) via the glucose transporter 1 (GLUT-1) protein, insulin, which undergoes receptor-mediated transcytosis (RMT), and albumin, which undergoes adsorptive-mediated transcytosis (AMT) (for a review, see \[[@R8]\]).

1.3.. Challenges for Drug Delivery Across the BBB
-------------------------------------------------

The BBB serves an important role by maintaining homeostasis and preventing macromolecules, infectious agents, and potential neurotoxins from entering the brain \[[@R1]\]. However, the BBB also significantly limits the ability of therapeutic agents to reach their targets in the CNS. More than 90% of all small-molecule drugs and nearly 100% of all larger therapeutics are prevented from crossing the BBB \[[@R1]\]. Furthermore, those few drugs that are capable of crossing the BBB may be actively transported back into the vasculature by efflux transporters, such as P-glycoprotein 1, a member of the ATP binding cassette family \[[@R3]\]. These active efflux transporters can recognize a wide range of compounds (\>60% of all marketed drugs) and contribute to drug resistance \[[@R9]\]. In addition, metabolic degradation has also been shown to play a role in reducing the accumulation of drugs in the brain \[[@R3], [@R7]\].

A number of strategies have been developed to overcome the BBB and improve the delivery of therapeutic agents to the brain (see Fig. **[1](#F1){ref-type="fig"}**). These range from disrupting the barrier itself to modifying the transported agents and their carriers. An alternative strategy is to deliver drugs directly into the brain through a variety of routes that bypass the BBB entirely. In this review, we discuss both conventional and emerging strategies to overcome the BBB, including specific features, advantages, and limitations (see Table [1](#T1){ref-type="table"}).

2.. Conventional strategies for overcoming the BBB
==================================================

2.1.. Enhanced Paracellular Transport
-------------------------------------

### 2.1.1.. Osmotic Disruption of the BBB

Hyperosmotic disruption of the BBB has been explored since the early 1970s, when Rapoport *et al.* \[[@R10]\] first demonstrated that hypertonic solutions applied to the pial surface of a rabbit brain allowed the extravasation of intravascular Evans Blue dye. Subsequent work in animal models and humans employed an intra-arterial osmotic agent to facilitate the delivery of various drugs of interest, which were typically also injected intra-arterially in order to maximize local concentrations of the drug by taking advantage of the "first pass" of the drug through the tumor circulation. Osmotic agents exert an effect on the BBB via several mechanisms (for a review, see \[[@R11]\]). First, water is drawn out of the endothelial cell and into the blood vessel lumen, causing shrinkage of the endothelial cells. Secondly, the net flow of water out of the brain leads to vasodilation, thereby stretching the endothelial cell membrane. Lastly, interactions between actin and cadherin cause the endothelial cell cytoskeleton to contract via a calcium-dependent mechanism. Each of these mechanisms places stress on the tight junctions that join the endothelial cells, ultimately causing widening of the junctions and allowing paracellular transport into the brain parenchyma \[[@R12]\].

A number of osmotic agents have been used for BBB disruption (BBBD), including arabinose \[[@R13]\], urea \[[@R14]\], and in particular mannitol \[[@R15]-[@R17]\]. Following the intra-carotid infusion of mannitol, BBB permeability persists for 15 minutes to 4 hours depending on the size of the molecule being transported, with the barrier reclosing sooner to larger molecules \[[@R18], [@R19]\]. Preclinical studies have demonstrated the benefits of this approach for neuro-oncology -- following osmotic BBBD with mannitol, the intraparenchymal concentration of intraarterially delivered chemotherapeutic agents rises substantially \[[@R20]\]. However, while this is safe for some chemotherapies, such as methotrexate, other drugs such as cisplatin and doxorubicin can reach neurotoxic levels \[[@R21]\]. In addition to chemotherapeutic agents, other studies have utilized osmotic BBBD for the enhanced delivery of antibodies \[[@R22], [@R23]\], nanoparticles \[[@R24]\], recombinant proteins \[[@R25]\], stem cells \[[@R26]\], and viral vectors \[[@R27]\].

Since the first Phase I clinical trial in 1979 \[[@R16]\], numerous studies and clinical trials have reported the use of osmotic BBBD in patients. Adults with primary CNS lymphoma undergoing treatment with methotrexate and cyclophosphamide demonstrated improved survival and positive cognitive outcomes when the treatment was preceded by osmotic BBBD \[[@R28]-[@R30]\]. Four patients with multifocal CNS germinoma underwent consolidation therapy with carboplatin and etoposide following osmotic BBBD \[[@R31]\]. The patients all showed complete responses. Similarly, patients with malignant glioma were treated with a combination of methotrexate, cyclophosphamide, and procarbazine (in the pre-temozolomide era) following osmotic BBBD and demonstrated improved survival with minimal neurotoxicity \[[@R32], [@R33]\]. In 2000, a consortium of five centers reported their experience treating 221 adult patients with primary CNS lymphoma, primitive neuroectodermal tumors, germ cell tumors, brain metastases, low grade gliomas, and high grade gliomas \[[@R34]\]. The patients were treated with intra-arterial chemotherapy with or without osmotic BBBD, and the authors demonstrated high rates of stable disease and tumor response, with a correspondingly low complication rate.

Despite these positive reports, osmotic disruption of the BBB has yet to become widespread due to several critical limitations. One concern relates to the fact that osmotic BBBD results in transient cerebral edema, with a 1.5% increase in brain water \[[@R35]\]. Furthermore, osmotic BBBD is nonspecific, taking place throughout normal brain tissue as well. This allows protein components of the blood to enter the brain parenchyma, including albumin, which is toxic to neural tissue \[[@R36]\]. These features of osmotic BBBD can result in seizures and the exacerbation of neurological deficits.

### 2.1.2.. Chemical Disruption of the BBB

Chemical BBBD involves intra-arterial vasoactive agents that generate a temporary inflammatory reaction in the endothelial cells. Alkylglycerols have been studied because they are characterized by non-ionic amphiphilicity, which allows them to rapidly integrate into and destabilize the endothelial cell membrane, resulting in BBB opening for 3-15 minutes \[[@R37], [@R38]\]. A number of other agents have been explored as well, including the cytokine interleukin-2 \[[@R39]\], leukotriene C4 \[[@R40]\], bradykinin \[[@R41], [@R42]\], and RMP-7 \[[@R43]\]. Bradykinin represents a popular agent for BBBD due to reports that at low concentrations, intra-arterial bradykinin selectively increases the BBB permeability in the region of a brain tumor \[[@R42], [@R44]\]. Bradykinin binds to the B~2~ receptors on endothelial cells, producing a transient increase in cytosolic Ca^2+^, which activates nitric oxide synthase -- an enzyme that is more prevalent in tumor vasculature. The ultimate result is an increase in nitric oxide, a signaling molecule that produces vasodilation and increased vascular permeability \[[@R45], [@R46]\]. A synthetic bradykinin analog, RMP-7, demonstrates similar effects but with higher potency, greater specificity for the B~2~ receptor \[[@R47]\], and more resistance to degradation, resulting in a higher half-life and allowing for intravenous administration (for a review, see \[[@R48]\]). RMP-7 has therefore become the more commonly studied agent for chemical BBBD.

Early preclinical studies demonstrated that RMP-7 administration could enhance the delivery of variably sized molecular tracers to RG2 gliomas in rats \[[@R49]\]. When applied to the delivery of chemotherapeutic agents, RMP-7 improved the transport of carboplatin across the BBB by two-fold, resulting in improved survival of rats with RG2 gliomas \[[@R50]-[@R52]\]. Lipophilic chemotherapies such as paclitaxel, however, did not demonstrate improved transport \[[@R51]\]. As a result of these studies, carboplatin was studied in combination with RMP-7 in Phase I clinical trials involving adults \[[@R43]\] and children \[[@R53]\] with brain tumors. These trials found that RMP-7 is safe and tolerable, and that combining it with carboplatin does not increase the incidence of side effects. An early, single-arm Phase II trial also found a beneficial effect of BBBD via RMP-7 for patients with recurrent malignant glioma undergoing carboplatin treatment \[[@R54]\]. Unfortunately, when the RMP-7/carboplatin regimen advanced to a multicenter, placebo-controlled trial, the earlier studies could not be replicated and the combination was found to be ineffective \[[@R55]\].

2.2.. Enhanced Transcellular Transport
--------------------------------------

A number of strategies are being developed for enhancing the transcellular transport of therapeutic agents across the endothelial cells of the CNS. These include modifying drugs to make them more lipophilic, as well as using prodrugs that are capable of crossing the BBB into the brain parenchyma where they become modified into a biologically active form, which can no longer cross the BBB. One of the more innovative methods for achieving transcellular transport, however, involves hijacking the endogenous RMT pathway. Therapeutic agents that would typically be unable to overcome the BBB are conjugated to ligands or antibodies that trigger RMT, thereby producing a "chimeric peptide" that is transported across the endothelial cell. This approach has been described as using a "molecular Trojan horse" to gain access to the brain parenchyma (for a review, see \[[@R56]\]).

A variety of receptors have been implicated in RMT across the BBB, including the insulin receptor \[[@R57]\], the transferrin receptor \[[@R58], [@R59]\], and the low density lipoprotein receptor \[[@R60]\]. Several studies have used an antibody for the transferrin receptor to achieve RMT-based delivery across the BBB \[[@R61]-[@R63]\]. Human transferrin receptor fused to a mouse-human chimeric IgG maintained IgG receptor binding activity and was able to cross the BBB intact \[[@R61]\]. A more recent study demonstrated that by using a monoclonal antibody to the transferrin receptor, a gene therapy construct (consisting of a glial fibrillary acidic protein gene promoter driving tyrosine hydroxylase expression) could be successfully delivered across the BBB \[[@R62]\]. However, in another study in which a lysosomal enzyme (iduronate 2-sulfatase) was fused to a human insulin receptor antibody, only a small amount of the fusion protein crossed the BBB of a nonhuman primate, with only 1% of the injected dose transported into the brain parenchyma \[[@R64]\].

A recently completed Phase I clinical trial studied GRN1005, a peptide-drug conjugate composed of paclitaxel and a low-density lipoprotein receptor-related protein 1 peptide, in patients with recurrent malignant glioma \[[@R65]\]. While reported toxicities included neutropenia, leucopenia, fatigue, and mucositis, these are similar to the toxicities of paclitaxel alone. There was no evidence of CNS toxicity, and the chimeric peptide appeared to deliver paclitaxel successfully across the BBB, thereby paving the way for future Phase II studies.

3.. Emerging strategies for delivery across the BBB
===================================================

Several new, promising approaches for drug targeting and delivery across the BBB have been described in recent years, including the use of carrier agents such as nanoparticles and immune cells, reversibly opening the BBB using MR-guided focused ultrasound (MRgFUS), and leveraging alternate administrative routes. These emerging strategies have great potential to enhance drug delivery to the CNS in spite of the BBB, and they will be discussed in the following sections.

3.1.. Nanoparticle Carriers
---------------------------

Nanoparticles have become a major focus of drug delivery research, and in particular are promising carriers for drug delivery to the brain due to several unique characteristics, including small size, enhanced drug solubility, the ability for multi-functionality, a controlled drug release profile, and the potential for site-specific targeting \[[@R66]\]. The nanoparticle surface can be readily modified to effectively carry drugs across the BBB. Although the exact mechanisms by which these nanoparticles cross the BBB are not fully understood, various classes of nanoparticles, including metallic, polymeric and lipid nanoparticles, have been shown to cross the BBB and enter the brain through a variety of endocytotic mechanisms \[[@R67]\].

### 3.1.1.. Metallic Nanoparticles

Metallic nanoparticles are commonly made of inorganic materials and include gold, silver, and iron oxide particles, in addition to metallic allotropes of non-metals, such as carbon fullerenes. Metallic nanoparticles are typically smaller than polymeric or lipid nanoparticles, which provides an advantage with regard to crossing the BBB. Metallic nanoparticles can be transported into the brain through several routes, including passive diffusion, CMT, or trans-synaptic transport \[[@R2]\]. Due to the solid and dense structure of metallic nanoparticles, drugs cannot be encapsulated within them. However, therapeutic agents such as anticancer drugs, antibodies, and siRNA can be conjugated to the surfaces of these nanoparticles.

Several *in vivo* studies have shown that metallic nanoparticles, including those comprised of gold \[[@R68]\], silver \[[@R69]\], and iron oxide \[[@R70]\], can cross the BBB. For instance, Cheng *et al.* \[[@R68]\] demonstrated that gold nanoparticles (5 nm in diameter) modified with the trans-activator of transcription peptide are capable of crossing the BBB and delivering both doxorubicin and gadolinium contrast agents to a murine intracranial glioma xenograft. Kong *et al.* \[[@R70]\] demonstrated that following the systemic administration of magnetic iron oxide nanoparticles and application of an external magnetic field, the nanoparticles can cross the mouse BBB via a transcellular mechanism and accumulate in a perivascular zone.

Nanoparticle shape plays an important role in crossing the BBB. Carbon nanotubes have generated significant interest due to their needle-like shape yet flexible structure, which facilitates the crossing of biological membranes such as the BBB \[[@R71], [@R72]\]. Kafa *et al*. \[[@R73]\] showed that functionalized multi-walled carbon nanotubes (MWNTs) were able to cross an *in vitro* model of the BBB. Successful crossing of the BBB and accumulation in the brain was confirmed *in vivo*, as well, following systemic administration of the MWNTs.

### 3.1.2.. Polymeric Nanoparticles

In contrast to metallic nanoparticles, polymeric nanoparticles consist of "soft" nanomaterials, which are synthesized by organic chemistry. Polymeric nanoparticles are less rigid and less dense, enabling them to encapsulate a wide variety of therapeutics including chemotherapeutic drugs, proteins, nucleic acids, and contrast agents. Polymeric nanoparticles are excellent candidates for drug delivery vehicles due to the availability of a variety of polymer types as well as access to large surface areas containing functional groups to which biomolecules can be conjugated. There is also a high degree of flexibility with respect to tailoring the physicochemical properties of polymeric nanoparticles, including the size, surface charge, and aspect ratio (shape) of the particles, with the goal of crossing the BBB more effectively.

A number of therapeutic agents have been delivered to the brain using polymeric nanoparticles. For example, dalargin, kyotorphin, loperamide, tubocurarine, doxorubicin, clioquinol, D-penicillamine, paclitaxel, rivastigmine, dexamethasone, and 5-fluorouracil have been encapsulated in polymeric nanoparticles composed of dextran, chitosan, propylene glycol, polypropylene oxide, polyethylene glycol (PEG), poly (lactic-co-glycolic) acid (PLGA), a co-polymer of poly (oxyethylene)-poly (oxypropylene), poly (butylcyanoacrylate), poly (N-isopropylacrylamide), or dendrimers \[[@R66]\]. In some cases, these drug-loaded polymeric nanoparticles were coated with stabilizers, such as PEG and polysorbate-80, to prolong the circulation time and reduce particle clearance \[[@R74]\].

Transcytosis is the main mechanism by which polymeric nanoparticles accumulate in the brain \[[@R75]\]. This route has been examined using small polymeric nanoparticles composed of albumin or poly (butylcyanoacrylate) \[[@R76], [@R77]\]. Polymeric nanoparticles may therefore be used as carriers for therapeutic agents that would otherwise be unable to cross the BBB, by mechanisms such as CMT or RMT. For example, Ren *et al.* \[[@R78]\] reported that amphotericin B-loaded poly (lactic acid)-b-PEG nanoparticles coated with polysorbate 80 crossed the BBB by CMT, resulting in increased drug concentrations in the mouse brain. Vergoni *et al.* \[[@R79]\] used peptide-decorated PLGA nanoparticles to deliver loperamide to the brain by RMT, and confirmed the efficacy of this drug carrier when compared to intraventricular administration. More recently, Serramia *et al.* \[[@R80]\] delivered Nef siRNA to the CNS using dendrimers. The dendrimers were transcytosed across the BBB resulting in efficient Nef silencing, which in turn reduced human immunodeficiency virus-1 (HIV-1) infectivity in astrocytes. Gene silencing was achieved without significant cytotoxicity.

### 3.1.3.. Liposomes

Liposomes are self-assembled vesicles made of amphiphilic phospholipids that mimic the lipid bilayer of the cell membrane. Liposomes are biocompatible carriers capable of carrying hydrophilic, hydrophobic, and amphoteric drug molecules \[[@R81], [@R82]\]. Liposomal formulations have been shown to be an effective system for crossing the BBB due to their resemblance to the lipid bilayer of the endothelial cell membrane. The basic mechanisms for liposomal transport across the BBB include AMT and RMT. Cationic liposomes, in particular, have been shown to cross the BBB via AMT \[[@R83]\]. Similarly to polymeric nanoparticles, the surface properties of liposomes can be modified to extend their circulation time. Modification of the liposomal surface with hydrophilic polymers sterically stabilizes the liposomes, allowing them to avoid opsonization and uptake by reticuloendothelial cells \[[@R84]\]. Qin *et al*. \[[@R85]\] reported that liposomes formulated with a glycosyl derivative of cholesterol showed enhanced delivery across the BBB by targeting the glucose transporters on the endothelial cell membranes of the brain.

### 3.1.4.. Targeted Nanoparticles

The metallic, polymeric, and lipid nanoparticles described above typically cross the BBB via transcellular pathways. Conjugating the nanoparticles to a targeting moiety facilitates this passage across the BBB by offering several advantages: 1) a potential increase in nanoparticle lipophilicity, 2) an increase in nanoparticle stability, 3) site-specific targeting, and 4) uptake by the endothelium via RMT \[[@R86]\].

Liposomes can be conjugated to a variety of targeting moieties such as monoclonal antibodies, peptides, and plasma proteins for site-specific targeting \[[@R87]\]. Liposomes with mannose coatings, for example, have been extensively used for brain targeting \[[@R88], [@R89]\]. Du *et al.* \[[@R90]\] conjugated p-aminophenyl-α-d-mannopyranoside (MAN), a mannose analog, to the surface of liposomes to enhance their delivery to the brain. They found a significantly higher accumulation of the MAN-liposomes in the cerebellum and cerebral cortex of the mouse brain, compared to non-conjugated liposomes. Similarly, Qin *et al.* \[[@R91]\] evaluated the potential anti-depressant effect of edaravone-loaded liposomes conjugated to the cyclic RGD (cRGD) peptide in rats. The authors reported that the cRGD-liposomes showed excellent brain-targeting and enhanced drug delivery. Ying *et al*. \[[@R88]\] developed dual-targeting liposomes conjugated with MAN and transferrin in order to enhance their transport across the BBB and targeting to glioma cells. The authors found that this strategy significantly enhanced the transport of daunorubicin (encapsulated within the liposomes) across the BBB by up to 24.9% in both *in vitro* and *in vivo* models.

Kreuter *et al*. \[[@R77]\] showed that dalargin and loperamide-loaded poly(butyl cyanoacrylate) nanoparticles, coated with polysorbate 80 and with apolipoprotein B or E, achieved anti-nociceptive effects in ApoEtm1Unc and C57BL/6J mice. The authors concluded that the polysorbate 80-coated nanoparticles adsorb to apolipoproteins in the blood, thereby mimicking lipoprotein particles that are taken up by the brain capillary endothelial cells via RMT. In another study, the same group showed that apolipoprotein E-conjugated albumin nanoparticles entered into the brain parenchyma by an endocytic mechanism \[[@R76]\]. Similarly, Tosi *et al*. \[[@R92]\] used the near-infrared probe DY-675 to show that systemically administered PLGA nanoparticles conjugated with a simil-opioid glycopeptide (g7) achieved successful BBB-crossing and brain targeting via endocytosis.

As described above, various BBB-associated receptors, including transferrin, lactoferrin and folate, have been used to deliver nanoparticles that are specifically targeted to the CNS by hijacking the RMT pathway. In particular, transferrin receptors are of great interest because of their overexpression on the BBB endothelium \[[@R93]\]. Recently, Fornaguera *et al.* \[[@R94]\] showed that anti-transferrin monoclonal antibodies conjugated to loperamide-loaded PLGA nanoparticles were able to efficiently cross the BBB *in vivo*. Additionally, Clark *et al.* \[[@R95]\] prepared transferrin-conjugated gold nanoparticles with an acid-cleavable linkage between the transferrin and the nanoparticle core to facilitate the RMT of nanoparticles across the BBB. These nanoparticles bind to transferrin receptors with high affinity on the luminal side of the endothelial cell, and later separate upon acidification (which takes place during transcytosis), thus allowing release of the nanoparticles into the brain. Combining nanoparticle carriers with RMT thus represents a powerful method for enhancing drug targeting and efficiency. Nanoparticles may also be employed jointly with other emerging delivery strategies, including cell-mediated delivery and ultrasound-mediated BBBD (see below).

3.2.. Cell-Based Drug Delivery
------------------------------

### 3.2.1.. Immune Cells and Stem Cells as Therapeutic Carriers

Harnessing the innate mobility of cells is another exciting option for enabling therapeutic delivery across the BBB. To date, two broad cell types have been evaluated as therapeutic carriers, immune cells and stem cells, particularly neural stem cells (NSCs) and mesenchymal stem cells (MSCs). Both immune cells and stem cells have been demonstrated to cross the BBB and migrate into the CNS via an inflammation-mediated pathway. A number of advantages make these cells an attractive option for delivering therapeutics to the CNS (for a review, see \[[@R96]\]). Cells can deliver a variety of therapeutics, including genes, cytokines, enzymes, and nanoparticles. Moreover, both immune cells and stem cells are naturally recruited to sites of tissue damage and inflammation, a common feature of diseases of the CNS, including brain cancer \[[@R97]-[@R99]\]. Indeed, intravenous administration of these cell types has resulted in accumulation in brain tumors \[[@R100], [@R101]\]. Therefore, cells may serve as targeted carriers for delivering therapeutics to inflamed tissues across the BBB.

Immune cells migrate across endothelial barriers, including the BBB, by a process known as diapedesis, whereby the cell transiently tethers to and rolls along the endothelial cells and ultimately transmigrates through interactions between integrins (e.g. very late antigen-4), cell adhesion molecules (e.g. VCAM-1 and ICAM-1), and selectin molecules (e.g. P-selectin glycoprotein-1) \[[@R102]-[@R104]\]. The immune cells then generate actin-containing structures such as lamellipodia to extend into the endothelial cells, facilitating diapadesis. The method by which stem cells cross the BBB is controversial, but there are many reported similarities to immune cell diapedesis. MSCs express many, though not all, of the same types of receptors and adhesion molecules \[[@R104], [@R105]\]. Unlike immune cells, MSCs do not move laterally along the endothelial wall, and MSCs cross endothelial barriers much more slowly, taking 1-2 hours to transmigrate (while immune cells take minutes) \[[@R105]\]. Additionally, whereas immune cells use actin structures such as lamellipodia to initiate diapedesis, MSCs use membrane blebs \[[@R104]\].

### 3.2.2.. Cell-Mediated Delivery for the Treatment of Brain Tumors

Immune and stem cell migration has been studied extensively as a means of delivering therapies for cancer patients with primary or metastatic brain lesions. In particular, cell-based therapies have been explored as a treatment for metastases, due to the associated inflammation that accompanies these tumors \[[@R106]\]. In a mouse model of metastatic brain cancer, stem cells have been shown to migrate to metastases and suppress growth \[[@R107]\]. Cell-based therapies are also relevant for the treatment of invasive glioblastoma (GBM) cells that have migrated away from the tumor core. NSCs in particular are recruited to migrating tumor cells, providing a mechanism for the targeted delivery of therapeutics to distant glioma cells following an intraparenchymal injection. NSCs are therefore an attractive option for the treatment of invasive cancer cells, although the signals that promote NSC migration to these cells remain unknown \[[@R100], [@R108]\]. NSCs have been used to deliver a soluble form of the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), which can trigger apoptosis of cancer cells by binding to death receptors \[[@R100]\]. MSCs may play a role as well -- in a mouse glioma model, MSCs were used to deliver the pro-inflammatory cytokine interleukin (IL) 12, resulting in enhanced survival \[[@R109]\]. Recently, human adipose-derived MSCs were also engineered to express bone morphogenetic protein 4 (BMP4), a growth factor with the potential to inhibit the proliferation of GBM brain tumor-initiating cells \[[@R110]\]. The MSCs successfully targeted GBM cells in a mouse glioma model, resulting in reduced proliferation, limited migration, and improved survival. These results reinforce the possibility of treating brain cancer via cell-mediated delivery of therapeutics.

### 3.2.3.. Limitations of Cell-Mediated Delivery

Although the ability of both immune cells and stem cells to cross the BBB make them a very attractive avenue for potentially delivering therapeutics to the CNS, there are a number of challenges to cell-mediated drug delivery. A chief problem is the potentially toxic effects of the cargo on the cell carrier itself \[[@R111]\]. As a result, the therapeutic agent must either be non-toxic to the carrier or the carrier must be shielded from its cargo until the cell has reached the target. Spatial and temporal control over the release of the therapeutic agent by the cell poses another challenge to cell-mediated delivery \[[@R112]\]. Additionally, the loading efficiency of therapeutics into cell carriers may be low, requiring large numbers of cells to deliver therapeutic doses.

### 3.2.4.. Enhancing Cell-Mediated Delivery with Nanoparticle Carriers

Nanoparticles offer an option for overcoming many of the hurdles to successful cell-mediated therapy. By using the ability of macrophages and monocytes to phagocytose nanoparticles, nanoparticles can be effectively loaded with therapeutics and delivered to the interior of the cell \[[@R113], [@R114]\]. Nanoparticle formulations, at least temporarily, protect the cell carrier from its cargo. In one study, a nanoparticle formulation of doxorubin delayed the death of the T-cells in which they were loaded, although 60% of the T-cells were destroyed by 15 hours following delivery \[[@R111]\].

Loading cells with nanoparticles is affected by several features of the particles. Nanoparticles with positively charged surface residues are endocytosed more quickly than neutral or negatively charged particles \[[@R112], [@R115]\]. Size also influences cellular uptake of nanoparticles -- larger particles are phagocytosed more efficiently than smaller particles. For example, 1 um diameter particles accumulated in macrophages 2.5x more than 0.5 um diameter particles \[[@R115]\]. Even the shape and angle at which the nanoparticle interacts with the immunocyte influences the kinetics of endocytosis. Particles with sharp edges are endocytosed by macrophages more quickly than those with dull edges \[[@R116]\].

Once endocytosed, the nanoparticles can be degraded within the lysosome, which may result in premature release of the therapeutic \[[@R115]\]. Such destruction may be mitigated by using positively charged nanoparticles, which offers some protection to lysosomal degradation \[[@R117]\]. Alternatively, intracellular degradation may be avoided by taking an entirely different approach -- rather than relying on internalization of the nanoparticles, drug-loaded nanoparticles are used to coat the external surface of the cell. Nanoparticles can be attached to the surface of cells by binding to amine or thiol groups found on proteins within the cell membrane \[[@R118]\]. MSCs coated with a nanoparticle formulation of doxorubicin resulted in increased drug accumulation in tumor tissues, as well as increased tumor-cell apoptosis in a human glioma cell xenograft model \[[@R119]\].

A variety of mechanisms enhance the ability of drug-loaded cells to cross the BBB and enter the CNS. Magnetic nanoparticles have been used to enhance the accumulation of drug-loaded immune cells in the CNS. One study loaded monocytes with magnetic liposomes containing the anti-inflammatory drug, diclofenac \[[@R120]\]. Once endocytosed, a magnet placed near the head of the animal was used to manipulate the migration of the monocytes, thereby significantly increasing the dose of drug that reached the brain. Additionally, cell-mediated delivery has been combined with osmotic or chemical BBBD to enhance monocyte trafficking across the BBB \[[@R121]\]. The route of administration of dug-loaded cell carriers can also influence the accumulation within the CNS. In mice, delivery of monocytes via the carotid artery resulted in greater accumulation in the brain compared to tail vein injections \[[@R121]\].

Although the delivery of therapeutics across the BBB using cell-mediated transport is not without challenges, distinct advantages such as intrinsic targeting to sites of inflammation and the ability to cross the BBB after systemic administration make cell-mediated delivery of therapeutics an attractive avenue of research. Nevertheless, more work is necessary before this method of treating disease in the CNS will be ready for translation into a clinical tool.

3.3.. Focused Ultrasound-Based Drug and Gene Delivery
-----------------------------------------------------

A unique approach for drug delivery across the BBB involves reversibly opening the BBB using an emerging technology, focused ultrasound (FUS). Although widely used as a diagnostic tool, ultrasound was initially explored for its therapeutic applications. In fact, the effects of ultrasound on the BBB were realized as early as the 1950s, when Ballantine and colleagues \[[@R122]\] showed strong trypan blue staining in brain tissue that was exposed to a defocused ultrasound beam, without evidence of a discrete lesion. However, FUS was largely abandoned as a therapeutic tool due to the beam distortion and attenuation produced by the skull, necessitating a bone window through which the beam could be focused. This critical limitation was finally overcome in the 1990s, when a hemispheric phased array of transducers was developed in conjunction with software that uses a co-registered computed tomography (CT) scan to predict and ultimately compensate for the phase aberrations produced by the skull \[[@R123]\]. The resulting ability to noninvasively focus acoustic energy through the intact skull, along with the capability to monitor the temperature changes at the acoustic focus with magnetic resonance (MR) thermometry \[[@R124]\], renewed the scientific community's interest in the potential neurological applications of FUS.

### 3.3.1.. Bioeffects of FUS

To date, MRgFUS has primarily been studied as an ablative tool. A Phase I clinical trial was recently completed for the treatment of Essential Tremor (NCT01304758), and the use of MRgFUS for Parkinson's disease is being studied as well (NCT01772693, NCT02246374, and NCT02263885). In these studies, ultrasound's utility is based on its thermal effects. Focusing the ultrasound beam causes acoustic energy to become concentrated at the focal point, where the spatial intensity is elevated and the high rate of energy deposition produces temperature elevations of up to 60°C \[[@R125]\]. Coagulative necrosis and cellular death ensue in a tightly defined spatial region (on the order of several millimeters), making MRgFUS an effective tool for the noninvasive lesioning of deep brain targets.

However, FUS also produces mechanical effects, including radiation forces, acoustic streaming, and acoustic cavitation. Radiation forces and acoustic streaming occur when the ultrasound beam transfers its momentum to a reflecting or absorbing surface, producing displacements within the tissue or within a liquid medium, respectively. Cavitation results from the gas-filled bubbles that oscillate in the presence of the positive (compressive) and negative (rarefactive) components of the ultrasound wave. The bubbles may undergo stable oscillation (i.e. non-inertial cavitation), or as the pressure wave amplitude increases, may undergo inertial cavitation, where the bubbles collapse, producing shock waves and high-velocity jets \[[@R126]\].

### 3.3.2.. Ultrasound-Mediated BBBD

Whereas the thermal effects of FUS predominate in the setting of continuous exposures, short pulses of focused ultrasound (pFUS) produce primarily mechanical effects, with temperature elevations of only 4-5°C. Therefore, pFUS has been used in a variety of non-ablative roles, including drug delivery -- and in particular, transporting drugs across the BBB \[[@R127]\] (see Fig. **[2](#F2){ref-type="fig"}**). While early studies attempted to disrupt the BBB with pFUS alone \[[@R128]\], high intensities were required and the effects on tissue integrity were variable. The introduction of intravenous, commercially available ultrasound contrast agents (UCAs) -- lipid- or protein-encased gas microbubbles that are 1-10 microns in diameter -- was a critical step in enabling finer control over BBBD \[[@R129]\]. The microbubbles typically cluster near capillary walls, where in the presence of pulsed exposures at low frequencies and pressure amplitudes, they undergo stable cavitation. Microbubbles therefore localize the pFUS effects to the endothelial cells, and significantly reduce the energy needed for BBB disruption, enabling the use of low pressures that reduce the risk of heating of the skull.

The stable cavitation of intravenous microbubbles induces transient, reversible BBBD via several mechanisms. On the one hand, the resulting oscillations exert mechanical stresses on the tight junctions that join the specialized endothelial cells of the CNS, generating a paracellular transport route. Electron microscopy revealed the reduction of several tight junction proteins following sonication, including claudin 5, occludin, and ZO-1, with intercellular leakage of intravenously administered horseradish peroxidase \[[@R130]\]. On the other hand, transcellular pathways have been identified, as well. Horseradish peroxidase \[[@R131]\], endogenous immunoglobulin G (IgG) \[[@R132]\], and fluorescent dextrans \[[@R133]\] have been demonstrated in endothelial cell vesicles and vacuoles following sonication, suggesting a role for ultrasound-induced transcytosis. This process occurs, at least in part, through the upregulation of caveolin-1 and caveolin-2 \[[@R134], [@R135]\]. These studies also revealed the transient formation of channels and fenestrations within the endothelial cell membrane, a process called sonoporation, which may contribute to transcellular transport across the BBB \[[@R132], [@R133]\]. Recent work with two-photon microscopy demonstrated that BBBD occurs via distinct slow and fast mechanisms, which are felt to reflect the transcellular and paracellular pathways, respectively \[[@R136]\]. Additionally, multiphoton imaging has revealed that sonication produces temporary vasoconstriction prior to the leakage of a tracer, suggesting that transient ischemia may further contribute to BBBD \[[@R137]\].

Numerous preclinical studies throughout the 1990s and 2000s tested a range of pFUS frequencies, pressure amplitudes, burst lengths, and microbubble doses in rat and rabbit brains in order to determine the parameters that maximize BBB opening while minimizing structural tissue damage \[[@R129], [@R138]-[@R141]\]. Two recent studies confirmed the safety of repeated pFUS-induced BBB opening in primates: (1) repeated BBB opening in central visual field targets of rhesus macaques did not result in visual deficits or loss of visual acuity \[[@R142]\], and (2) repeated BBB opening in the basal ganglia of macaques over 4-20 months did not cause any long-term visual, cognitive, motivational, or motor deficits \[[@R143]\].

### 3.3.3.. pFUS-Mediated Drug and Gene Delivery Across the BBB

Preclinical studies have demonstrated that pFUS can be employed to deliver a wide variety of therapeutic agents, including chemotherapeutic drugs, antibodies, immunotherapies, cellular therapies, and even gene therapies across the BBB. Much of this work has focused on enhancing the delivery of conventional chemotherapeutic agents. The feasibility of this approach was first shown using doxorubicin -- the concentration of liposome-encapsulated doxorubicin (Doxil) reached therapeutic levels in a normal rat brain that was treated with pFUS, whereas it remained at sub-therapeutic levels in the control group \[[@R144]\]. Subsequent

studies demonstrated the therapeutic efficacy of pFUS-enhanced doxorubicin delivery in the rat 9L glioma model \[[@R145], [@R146]\], as well as in two syngeneic mouse models of GBM (GL261 and SMA-560) \[[@R147]\], where animals treated with both ultrasound and doxorubicin demonstrated slower tumor growth and improved survival. This work has resulted in an ongoing Phase I clinical trial examining the safety and efficacy of BBB disruption using MRgFUS with intravenous microbubbles in brain tumor patients being treated with doxorubicin (NCT02343991).

Other chemotherapeutic agents have been investigated as well. Intravenous methotrexate, for instance, reached higher intracranial concentrations in rabbit brains treated with pFUS than those of animals receiving intra-carotid infusions of the drug \[[@R148]\]. Similarly, the C6 glioma rat model was used to demonstrate increased 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) concentrations, slower tumor growth, and improved survival in animals treated with pFUS \[[@R149]\]. Also, temozolomide, a small molecule chemotherapeutic drug which is part of the standard of care for patients with GBM and typically crosses the BBB on its own with approximately 20% efficiency \[[@R150]\], demonstrates enhanced concentration, retention, and efficacy in the setting of pFUS-induced BBB opening in mice implanted with U87 human glioma cells \[[@R151]\].

In addition to small molecule drugs, antibodies may also benefit from ultrasound-based BBBD. Despite substantial potential, therapeutic antibodies have limited applications for diseases of the CNS due to their large size (on average, 150 kDa), which prevents transport across the BBB. Nevertheless, the potential use of MRgFUS to overcome this obstacle was highlighted in a feasibility study in which intravenously administered anti-dopamine D(4) receptor

antibodies were successfully delivered, functionally intact, across the BBB where they recognized their antigen \[[@R152]\]. This has important implications for the treatment of numerous cancer types, including metastatic breast cancer. Traztuzumab (Herceptin), a humanized anti-human epidermal growth factor receptor 2 (HER2) monoclonal antibody, has been used successfully to treat HER2+ breast cancer, but due to the BBB, it is an ineffective treatment for breast cancer metastases to the brain. Using MRgFUS, however, traztuzumab has been successfully delivered across the BBB in a mouse model \[[@R153]\] -- and more recently in a rat model \[[@R154]\] -- of breast cancer metastasis, producing lower tumor volumes and increased survival when compared to controls.

Antibody delivery to the CNS may prove useful not only in neuro-oncology, but in the treatment of neurodegenerative diseases as well. Anti-amyloid β antibodies, in particular, reduced the plaque burden and improved cognitive outcomes in the TgCRND8 murine model of Alzheimer's disease \[[@R155]\]. Recent studies demonstrated the benefits of combining this treatment with pFUS-induced BBBD. Sonication resulted in glial activation, enhanced the delivery of endogenous IgG and IgM antibodies \[[@R156]\], and facilitated the delivery of exogenous anti-amyloid β antibodies \[[@R157], [@R158]\], resulting in reduced plaque number and size.

While the majority of studies have focused on the delivery of chemotherapeutic drugs and monoclonal antibodies, other forms of therapies are being examined as well. For instance, a recent study confirmed that pFUS can enhance the delivery of an immunotherapy agent, IL-12, resulting in an improved cytotoxic T-lymphocyte to regulatory T-lymphocyte ratio, reduced tumor growth, and improved survival in a C6 glioma model \[[@R159]\]. pFUS can also be used to facilitate cell-mediated delivery. The only study of stem cell entry into the brain after pFUS-mediated BBB disruption showed human neuro-progenitor cells within the brain following an intra-carotid artery injection \[[@R160]\], although relatively few injected cells were found within the sonicated region. Cellular entry following pFUS-mediated BBB disruption was validated by a later study showing a five-fold increase in targeted natural killer cells within a brain tumor following intravenous administration of the cells \[[@R161]\]. Other groups are working on gene therapy, in which exogenous genes are delivered into cells. Indeed, gene therapy has the potential to treat congenital disorders (e.g. lysosomal storage diseases), neurodegenerative diseases (e.g. Alzheimer's disease and Parkinson's disease), and brain tumors. While vector delivery and distribution has remained a persistent problem, recent studies have demonstrated enhanced transfection rates with pFUS-mediated delivery of plasmid DNA \[[@R162], [@R163]\] and adeno-associated viral vectors \[[@R164]-[@R166]\].

Recent advances have also resulted in microbubbles that can be engineered in a variety of ways. Targeting ligands can be conjugated to the microbubbles, allowing them to accumulate in a target region, thereby further minimizing the risk of off-target effects. Additionally, therapeutic agents may be packaged within microbubbles or bound to their surface, thereby only becoming released once the microbubbles are destroyed by pFUS. This concept was recently demonstrated using BCNU-loaded microbubbles -- in healthy rats, encapsulation by microbubbles increased the circulation of BCNU and protected the drug from clearance by the reticuloendothelial system, while in a C6 glioma model, the BCNU-microbubble construct led to better tumor control and increased survival \[[@R167]\]. These effects were further enhanced by conjugating the vascular endothelial growth factor-A (VEGF-A) ligand to the microbubbles, thereby targeting the chemotherapeutic effects to regions of tumor angiogenesis \[[@R168]\]. As MRgFUS technology, drug carrier design, and targeting of therapeutics undergoes further refinement, ultrasound-based BBBD will occupy an increasingly significant position in the area of drug delivery.

4.. Bypassing the BBB
=====================

The techniques described above serve to deliver therapeutic agents across the BBB by either disrupting the barrier itself, using cells to traffic through the barrier, or by modifying agents or carriers to enhance drug transport. However, an alternative strategy is to locally deliver drugs through a variety of routes that bypass the BBB entirely. These include drug delivery to the cerebrospinal fluid (CSF) via intrathecal or intraventricular routes, intranasal delivery, and interstitial delivery via either biodegradable wafers or convection enhanced delivery (CED) using stereotactically placed catheters.

4.1.. Intrathecal and Intraventricular Delivery
-----------------------------------------------

One route that bypasses the BBB as well as the blood-CSF barrier (comprised of the epithelial cells of the choroid plexus), involves delivering therapeutic agents directly into the lumbar subarachnoid space (i.e. intrathecal delivery) or alternatively into the ventricular system (i.e. intraventricular delivery). Early studies attempted to deliver chemotherapeutic agents (e.g. methotrexate) directly into the ventricular system as a treatment for malignant gliomas and brain metastases \[[@R169]\]. However, despite bypassing the BBB and the blood-CSF barrier, the brain parenchyma is still separated from the CSF by a layer of ependymal cells as well as the glia limitans. This brain-CSF barrier has a much smaller surface area than the capillaries of the CNS, thus limiting the diffusion of drugs from the CSF into the brain parenchyma \[[@R170]\]. Rapid CSF turnover further limits the utility of intrathecal or intraventricular drug delivery for the treatment of parenchymal disease.

Intra-CSF drug delivery does, however, result in high leptomeningeal drug concentrations, allowing the effective treatment of various diseases of the meninges (for a review, see \[[@R171], [@R172]\]). These include carcinomatous meningitis \[[@R173], [@R174]\], lymphomatous meningitis \[[@R175]\], and meningeal gliomatosis \[[@R176], [@R177]\]. Although systemically administered chemotherapies often don't reach the leptomeningeal space in sufficient concentrations, intrathecal or intraventricular administration delivers the necessary agent directly to the CSF.

Additionally, spasticity and chronic pain are commonly treated with intrathecal baclofen and opioids, respectively. Intrathecal baclofen has received FDA approval for the treatment for spasticity of either cerebral or spinal cord origin. It is commonly delivered via an implantable pump, which administers a continuous infusion of baclofen to the CSF via a tunneled catheter. Via this route, baclofen is delivered directly to the spinal cord where it binds to gamma aminobutyric acid B receptors; furthermore, serum levels remain low, thereby reducing the risk of sedation. Multiple studies have confirmed the efficacy of this approach for treating the spasticity associated with cerebral palsy \[[@R178], [@R179]\]. Similarly, clinical guidelines have been developed for the treatment of chronic cancer and non-cancer pain using an implantable pump for the intrathecal delivery of opioids \[[@R180], [@R181]\]. However, these implantable systems have been associated with a variety of complications, including CSF leak, catheter malfunction, and poor wound healing.

4.2.. Intranasal Delivery
-------------------------

Over the past decade, the intranasal route has also been explored as a means of noninvasively delivering therapeutics to the brain \[[@R182]\]. Drugs delivered intranasally reach the brain by crossing the nasal olfactory epithelium or nasal mucosa \[[@R183], [@R184]\]. The olfactory region of the nasal submucosal space is connected to CSF flow tracts around the olfactory bulb, providing a direct pathway for drugs to reach the CSF \[[@R7]\]. Although the exact mechanism of intranasal drug delivery is not fully understood, the administrated drugs can take different paths, including paracellular and transcellular routes, to cross the nasal olfactory epithelium. Therapeutic agents may also travel along the olfactory and trigeminal nerves \[[@R185], [@R186]\]. Via these routes, drugs can be absorbed across the highly permeable nasal membrane and thereby avoid first-pass metabolism. Intranasal delivery offers several advantages, including the option for self-administration and lower drug dosages; additionally, drugs typically do not require further modification or carriers in order to reach their target \[[@R66], [@R187]\].

A number of therapeutic agents have been delivered to the brain via the intranasal route, including chemotherapeutic drugs, small molecules, proteins, and nanoparticles \[[@R182]\]. Ying *et al.* \[[@R188]\] reported that the intranasal administration of NAD+ in a rat model decreased infarct formation at 24 to 72 hours after ischemia, and significantly attenuated ischemia-induced neurological deficits. In addition, the same group also showed that the intranasal administration of gallotannin, a poly (ADP-ribose) glycohydrolase (PARG) inhibitor, significantly reduced the frequency of ischemic brain injury in rats \[[@R189]\]. In other studies, metallic nanoparticles, such as manganese oxide, gold, carbon-13, iron oxide, zinc oxide and titanium dioxide particles, were efficiently transported to the olfactory bulbs and into the deep brain structures following intranasal administration in rats (for a review, see \[[@R190]\]). Additionally, intranasal administration of estradiol-loaded chitosan nanoparticles resulted in lower plasma levels and higher CSF levels of estradiol when compared to intravenous administration \[[@R191]\]. Similarly, Kumar *et al.* \[[@R192], [@R193]\] delivered risperidone (RS) and olanzapine drugs through nanoemulsions to the brain via the intranasal route, reporting higher drug transport efficiency for nanoemulsions delivered intranasally as opposed to intravenously. In a phase I/II clinical trial conducted by da Fonseca *et al*. \[[@R194], [@R195]\], intranasal delivery of the signal transduction inhibitor perillyl alcohol (POH) was evaluated as an adjuvant therapeutic strategy for patients with malignant gliomas. The authors reported that the intranasal administration of POH was a safe, noninvasive, and low-cost method. In addition, tumor regression was reported in some patients, suggesting a potential antitumor role for POH. Furthermore, Yang *et al*. \[[@R196]\] studied headache patients who self-administered arginine vasopressin (AVP), a nonapeptide pituitary hormone, via the intranasal route. AVP concentrations were significantly increased in plasma as well as CSF, and patients experienced headache relief in a dose-dependent manner. Despite a number of promising advantages, intranasal delivery has some limitations. Frequent drug administration may irritate or damage the nasal mucosa. Additionally, the drugs can be cleared from the nasal cavity by the mucociliary clearance system. Moreover, drug delivery and absorption are limited in the setting of nasal congestion.

4.3.. Interstitial Delivery
---------------------------

Although intrathecal, intraventricular, and intranasal drug delivery circumvent the BBB to some extent, the most direct way to deliver a drug to its target in the brain is to administer it directly into the interstitium. The two primary forms of interstitial delivery are interstitial biodegradable wafers and catheter-based CED.

### 4.3.1.. Interstitial Wafers

Local drug delivery via interstitial wafers was made possible by the discovery that macromolecules could be incorporated into non-inflammatory polymers, with subsequent sustained release from the polymer over time \[[@R197]\]. During the four decades that have passed since this first report, a number of biodegradable polymers have been engineered, including the polyanhydride polymers poly \[1,3-bis-(p-carboxyphenoxy propane)-co-(sebacic anhydride)\] (CPP:SA) \[[@R198]\], poly (fatty acid dimer: sebacic acid) (FAD:SA) \[[@R199]\], and PLGA \[[@R200]\]. Macromolecules may be encapsulated within these polymers, which provide protection from clearance and degradation. The incorporated macromolecules are released by a combination of diffusion and polymer degradation, which can be tightly controlled by modifying the composition of the polymer (for a review, see \[[@R201]\]).

A number of chemotherapeutic agents have been explored in the context of biodegradable polymers, including methotrexate \[[@R202]\], carboplatin \[[@R203]\], and 5-fluorouracil \[[@R204]\]. However, the most commonly studied intracranial, implantable, biodegradable interstitial wafer is Gliadel^®^ -- p(CPP:SA) polymer loaded with 3.8% BCNU \[[@R205]\]. Gliadel^®^ wafers are used to line the surgical cavity following the maximal resection of a malignant glioma. At the time Gliadel^®^ was being developed in the 1980s and 1990s, BCNU had already been FDA approved and was commonly being used for the treatment of brain tumors. BCNU was therefore chosen as the optimal drug to be incorporated into the biodegradable polymer, with the goal of increasing its half-life, providing controlled release of the drug over several weeks, and directly delivering the drug to its target (i.e. the cancer cells just beyond the surgical resection cavity), thereby minimizing systemic toxicity.

The first human study involving Gliadel^®^ was a Phase I-II trial of patients with recurrent glioma \[[@R205]\]. Three doses of BCNU (1.93%, 3.85%, and 6.35% by weight) were tested, with the intermediate dose demonstrating both safety and efficacy. This dose was therefore used in the subsequent Phase III trial, which was a prospective, randomized, placebo-controlled trial involving 27 centers with 222 patients with recurrent malignant glioma \[[@R206]\]. Median posttreatment survival was 31 weeks for the treatment group vs. 23 weeks for the placebo group (p = 0.006). Among patients with GBM, 56% of those in the treatment group were alive at 6 months, compared to only 36% in the placebo group (p = 0.02). As a result, Gliadel^®^ received FDA approval in 1996 for the treatment of recurrent malignant glioma.

Subsequent trials examined the role of Gliadel^®^ for newly diagnosed GBM. A Phase I trial involving three centers included patients who all received radiation postoperatively, without any negative impact on safety \[[@R207]\]. This was followed by a prospective, randomized, placebo-controlled trial in Europe \[[@R208]\]. Patients received either Gliadel^®^ wafers or placebo, followed by radiation therapy. Median survival was 58 weeks for the treatment group vs. 40 weeks for the placebo group (p = 0.012). Two and three years later, significantly more patients were alive in the Gliadel^®^ group. An even larger randomized, placebo-controlled Phase III trial involving 240 patients confirmed a survival benefit for Gliadel^®^, with a median survival of 14 months for treated patients compared to 11.6 months for patients in the placebo group \[[@R209]\]. Gliadel^®^ subsequently received FDA approval in 2003 as an initial therapy for GBM.

The development and clinical translation of Gliadel® marks an important step, not only for the treatment of GBM, but for a variety of neurological disorders that might benefit from interstitial therapy. Researchers have continued to improve upon the initial wafer design, with a recent advance being the development of controlled-release microchips containing individual drug-containing reservoirs \[[@R210]\]. In contrast to interstitial wafers, microchips may deliver multiple drugs, each with a unique release profile, to the surrounding parenchyma. Microchips may be passively actuated, containing polymeric, biodegradable membranes that cover the reservoirs. Pulsatile drug release may be achieved by modifying the composition of the membranes, thereby allowing drugs housed within individual reservoirs to be released at different times \[[@R211]\]. Alternatively, microchips may incorporate microelectromechanical systems, whereby individual anode membranes undergo electrochemical dissolution when an electric potential is applied \[[@R212]\]. Preclinical studies have confirmed that microchips loaded with BCNU are effective in a rat gliosarcoma model \[[@R212], [@R213]\].

Nevertheless, some clinicians have been hesitant to implant interstitial wafers and microchips due to the risk of perioperative complications. One meta-analysis reported a 42.7% complication rate associated with Gliadel^®^, including CSF leak, infection, cerebral edema, and seizures \[[@R214]\]. On the other hand, a retrospective review of 1013 craniotomies (of which 288 involved Gliadel^®^ wafers) demonstrated similar perioperative complication rates in the Gliadel^®^ and non-Gliadel^®^ groups. An additional limitation of Gliadel®, and interstitial wafers in general, is that while intraoperative implantation of the wafers bypasses the BBB, the drug must still overcome the "brain penetration barrier" produced by the brain interstitium. Preclinical studies demonstrated that the penetration distance (defined as the distance from the polymer at which the concentration of BCNU had fallen to 10% of its maximum value) was 5 mm on the first day following wafer implantation, and only 1 mm by day 3 \[[@R215]\]. Additional strategies will be needed in order to enhance drug distribution across the brain parenchyma once it has been delivered to the interstitium.

### 4.3.2.. Convection-Enhanced Delivery

A second option for direct, interstitial delivery involves the stereotactic placement of one or multiple catheters through which therapeutic agents can be injected. Although this approach seems intuitive, most macromolecules (particularly those of high molecular weight) do not diffuse sufficiently from the point of injection, resulting in low volumes of distribution and limited efficacy \[[@R216], [@R217]\]. CED, however, uses micro-pumps to maintain a constant hydrostatic pressure gradient \[[@R218], [@R219]\], producing bulk flow by convection in order to homogenously distribute the infusate (for a review, see \[[@R220]\]). The ultimate penetration depth of the infusate depends on the balance of bulk flow, diffusion, and clearance. In theory, CED has the potential to homogenously distribute the infusate in a square-shaped pattern up to several centimeters away from the infusion site via bulk flow, in contrast to the 1-2 mm achieved by diffusion alone \[[@R170], [@R221]\].

A wide variety of agents may be delivered via CED. These range from small molecule chemotherapeutic agents \[[@R222]-[@R224]\] and imaging tracers \[[@R225]-[@R227]\] to larger compounds such as proteins \[[@R228]\], viruses \[[@R229], [@R230]\], and nanoparticles \[[@R231]-[@R236]\] (see Fig. **[3](#F3){ref-type="fig"}**). Unlike diffusion, bulk flow typically distributes compounds homogenously regardless of molecular weight; nevertheless, larger molecules are still restricted by the size limitations of the extracellular space (ECS) of the brain. While early reports suggested that the ECS consists of pores that are 38-64 nm in width \[[@R237]\], more recent evidence suggests that the average pore size is actually closer to 100 nm, but that surface characteristics also play an important role in distribution throughout the brain \[[@R229], [@R238]\].

A number of Phase I and Phase II clinical trials have been conducted in order to explore the safety and efficacy of using CED for the direct interstitial delivery of various therapeutic agents. Several of these have focused on the delivery of conventional chemotherapies, such as the Phase I/II trial involving 15 patients with recurrent malignant glioma who underwent intratumoral CED of paclitaxel \[[@R239]\]. Although there was a 73% response rate to the drug, several complications were noted including transient aseptic meningitis, infections, and temporary neurological deficits. Those who did not demonstrate a tumor response were believed to have poor distribution of the drug due to leakage into the subarachnoid space, ventricles, and prior resection cavities. A Phase I trial that plans to study carboplatin delivered by CED in patients with recurrent high grade gliomas is currently in the recruitment phase (NCT01644955), and two pilot studies examining topotecan administered via CED are being planned as well (NCT02500459 and NCT00308165).

To date, the majority of completed clinical trials have examined CED for the delivery of miscellaneous, experimental agents. A Phase I/II trial involving 51 patients studied the safety and efficacy of CED of a chimeric monoclonal antibody that recognizes the DNA-histone H1 complex, and is conjugated to I^131^ \[[@R240]\]. The side effect profile was considered reasonable and the radioimmunotherapy treatment achieved between 90% and 110% of the prescribed administered activity in the majority of patients. A second set of Phase I \[[@R241]\] and Phase II \[[@R242]\] trials focused on the delivery of CpG-28, an oligodeoxynucleotide containing CpG motifs (CpG ODN), in patients with recurrent GBM. CpG ODNs have been found to have an immunostimulatory anti-cancer effect. However, while early results were promising, the Phase II trial found that of 31 patients, only 1 had a partial response and 3 had minor responses, with a progression-free survival of 19% at 6 months.

A large number of clinical trials have also examined the delivery of various toxins via CED. Phase I and II trials have found that *Pseudomonas* exotoxin fused to IL-4 \[[@R243]\], as well as a diphtheria toxin conjugated to the transferrin receptor \[[@R244], [@R245]\], demonstrate good safety profiles and some efficacy in patients with recurrent malignant glioma. Cintredekin besudotox (*Pseudomonas* exotoxin fused to IL-13), also demonstrated acceptable safety profiles in a series of Phase I trials involving 51 patients with recurrent malignant glioma \[[@R246]\], as well as in 22 patients with newly diagnosed malignant glioma (where CED was followed by radiation therapy with or without temozolomide) \[[@R247]\]. These positive results culminated in the only Phase III clinical trial involving CED to date -- the PRECISE trial \[[@R248]\]. This trial compared CED administration of the *Pseudomonas* toxin/IL-13 conjugate to Gliadel wafers in 296 patients with recurrent GBM, and found no survival difference between the study groups. A subsequent analysis of the PRECISE trial, however, emphasized the fact that 68% of the catheters were misplaced, thereby limiting the conclusions that can be drawn about the efficacy of CED in general or cintredekin besudotox in particular \[[@R249]\].

In addition to catheter misplacement, drug delivery with CED may be suboptimal due to a variety of phenomena that take place at the catheter tip. For example, reflux may occur at high infusion rates as the infusate travels along the catheter itself, instead of into the brain parenchyma \[[@R250]\]. Air entrainment is a second obstacle to optimal CED infusion, as the drug being infused will likely enter the air pocket upon exiting the catheter, thereby limiting its homogenous distribution into the tissue. Additionally, drug entry into the CSF reduces the concentrations that persist in the parenchyma, thus limiting the drug's efficacy. This was reflected in a study involving a *Pseudomonas* exotoxin fused to transforming growth factor-α (which targets the epidermal growth factor receptor) -- only 3 of 16 catheters resulted in adequate distributions of infusate, as the majority resulted in leakage of infusate into the CSF \[[@R251]\]. A variety of catheters have been designed with the goal of optimizing the infusion during CED, including catheters with smaller diameters (thereby minimizing tissue expansion) \[[@R252], [@R253]\], a reflux-free step design cannula \[[@R254]\], a reflux-resistant indwelling catheter \[[@R255]\], and hollow fiber tubes \[[@R256]\], among others. These engineering innovations, along with new techniques to increase the accuracy of catheter placement, will enable clinicians and researchers to realize the full potential of interstitial delivery via CED.

Conclusion
==========

The BBB serves an essential function in the brain, but its presence necessitates innovative therapeutic approaches for treating CNS diseases. In view of the aging population and increasing prevalence of neurological disorders, the demand for the improved delivery of CNS therapeutics is only going to increase with time. Current advances in drug delivery strategies are expanding our arsenal with which to treat diseases of the CNS. By integrating emerging therapeutic approaches with conventional concepts of interstitial delivery and the modulation of BBB permeability, advanced strategies to overcome the BBB are being developed. The drug delivery community is challenged to develop innovative strategies to overcome this barrier and improve therapeutic delivery to the CNS while minimizing associated toxicity.
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![Strategies for delivering therapeutic agents across the BBB. Therapeutic agents are transported from the vessel lumen across the BBB via osmotic or chemical disruption of tight junctions, receptor-mediated transcytosis, nanoparticle-based carriers (including targeted nanoparticles), cell-mediated delivery, and FUS-mediated oscillation of microbubbles causing disruption of tight junctions and enhanced transcytosis. Interstitial wafers and microchips, in addition to catheter-based CED, bypass the BBB and deliver therapeutic agents directly to the brain parenchyma.](CPD-22-1177_F1){#F1}

![MRgFUS produces transient and localized BBBD. (A) Axial contrast-enhanced T1-weighted MRI sequences (top) and permeability maps generated via dynamic contrast-enhanced imaging (bottom) were obtained at four time points following sonication of a rat brain. Locations \#1 and \#2 were treated at 0.72 and 0.68 MPa, respectively. K~trans~ values (min^-1^) are indicated by the color bar. (B) Mean K~trans~ values as a function of time in sonicated and non-sonicated regions. Modified with permission from Park *et al*. \[[@R127]\].](CPD-22-1177_F2){#F2}

![Distribution of gadolinium-labeled anionic liposomes following CED. (**A**) 3D axial T1-weighted gradient echo scans demonstrate the gadolinium in the nanocomplexes. (**B**) The data was reconstructed to provide a 3D model of the liposome distribution following CED into the striatum (green) and corpus callosum (purple). (**C**) Fluorescence microscopy was performed to visualize the anionic liposome distribution in the striatum (left) and corpus callosum (right) by using the incorporated rhodamine label. Scale bars = 500 µm. Modified with permission from Kenny *et al*. \[[@R236]\].](CPD-22-1177_F3){#F3}

###### Strategies for Drug Delivery Across the BBB.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------
  **Method**                                  **Route**                        **Pros**                              **Cons**
  ------------------------------------------- -------------------------------- ------------------------------------- ----------------------------------------
  Osmotic Disruption of BBB                   Paracellular                     Transient                             Invasive\
                                                                                                                     Transient cerebral edema\
                                                                                                                     Non-specific

  Chemical Disruption of BBB                  Paracellular                     Transient                             Conflicting results in clinical trials

  Enhanced Transcellular Transport            Transcellular                    Targeted                              Low efficiency

  Nanoparticle Delivery                       Paracellular and Transcellular   Targeted\                             Cost\
                                                                               Sustained and/or controlled release   Regulatory hurdles\
                                                                                                                     Potential toxicity

  Cell-Based Delivery                         Transcellular                    Targeted                              Toxicity to cell carrier\
                                                                                                                     Low therapeutic loading

  Focused Ultrasound                          Paracellular and Transcellular   Non-invasive\                         Cost
                                                                               Targeted                              

  Intrathecal and Intraventricular Delivery   Bypass BBB                       Elevated concentrations in CSF        Invasive\
                                                                                                                     Limited parenchymal concentrations\
                                                                                                                     Rapid CSF turnover

  Intranasal Delivery                         Bypass BBB                       Non-invasive\                         Irritation of nasal mucosa\
                                                                               Simple administration                 Low efficiency

  Interstitial Wafers and Microchips          Bypass BBB                       Sustained and/or controlled release   Invasive\
                                                                                                                     Limited distribution through ECS

  Convection Enhanced Delivery                Bypass BBB                       Enhanced distribution via bulk flow   Invasive\
                                                                                                                     Back flow of infusate\
                                                                                                                     Risk of catheter misplacement
  -----------------------------------------------------------------------------------------------------------------------------------------------------------

BBB = blood-brain barrier, CSF = cerebrospinal fluid, ECS = extracellular space
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